Single-electron charging effects similar to those in small-area metallic tunnel junctions should take place in semiconductor heterostructures, in particular, small-area quantum wells. Our analysis shows that dc current-voltage characteristics of such a well should exhibit an interplay between single-electron charging and energy-quantization effects. Relative magnitude of the single-electron charging effects is determined by the same parameter which scales multielectron charging in the conventional (large-area) quantum wells.
I. INTRODUCTION
Single-electron charging effects in small-area metal tunnel junctions are well understood now (see, e.g. the review'). The origin of these eff'ects is the fact that due to small electric capacitance C of a small-area junction, its electrostatic energy is changed considerably in the result of tunneling of even a single electron. This change leads to a certain correlation between electron tunneling events, and gives rise to a variety of new phenomena that can be observed in single junctions as well as multijunction systems.
In particular, electron-electron correlations in the system of two tunnel junctions connected in a series result in the "Coulomb staircase, " a periodic modulation of the dc current-voltage characteristics of the system. Each period of the Coulomb staircase corresponds to the addition of one more electron to the central electrode of the system. This effect was clearly observed in a number of experiments. '
In semiconductors, a similar structure is the famous double-barrier quantum well -see, e.g. , the review. In the usual (large-area) wells the multielectron charging effects are known to be important. In particular, such a charging can lead to an intrinsic bistability of the current Bow through this structure.
An objective of the present work was to show that in the small-area quantum wells (and other small-area heterostructures) the discreteness of the charge accumulation should become important, since the charging of the well by even a single electron changes the potential profile of the structure considerably. A brief report on our results was presented earlier. Similar ideas were put forward in Refs. 5 -7. We wi11 show that the single-electron charging effects arising in semiconductor heterostructures may be similar to those in metal junction systems. For instance, the dc current-voltage characteristics of the quantum well may exhibit a Coulomb staircase type structure similar to that observed in its metallic counterpart.
However, the single-electron charging phenomena in semiconductors and metals should differ in some important respects, mainly due to two circumstances. First, the Bohr radius az in semiconductors is much larger 0 (az = -100 A for GaAs}, and heterostructures with dimensions smaller than a~c an be fabricated. As a result, the discreteness 6 of the electron kinetic energy spectra in a conducting region of heterostructures (" electrode" ) can be comparable to the characteristic charging energy 5, whereas for typical metal junctions, 6 &&5. Second, the Fermi energy in semiconductor structures can be comparable to the charging energy 5, and the absolute number of free electrons in the electrodes is not necessarily much larger unity.
In this work we extend the conventional description' of the single-electron charging effects to semiconductor heterostructures (specifically, the quantum wells) with an account of these peculiarities. In Sec. II we write down the master equation that describes the tunneling through the quantum well. This equation takes into account both the electron-electron correlations that arise due to singleelectron charging, and discreteness of the energy spectrum of the well. Using this equation we check the adopted model by calculating the dc current-voltage characteristics of a conventional (large-area) quantum well (Sec. III). Next, we consider the most important case of a small-area quantum well and calculate its dc I-V curves (Sec. IV}. An emphasis is placed on a discussion of the interplay between two structures of these two curves, one related to the discreteness of the charge accumulation in the well, and another one related to the energy discreteness. In Sec. V we consider electron transport through a laterally confined quantum dot that also can be described with where [Ek J is the electron-energy spectruin in the confining potential, and U is the electrostatic energy.
We will consider the "ideal" model of the quantum well in which electron motion along the layers of the structure and motion in the transverse direction (in the direction of the current Aow} can be separated. We assume that electrons in the well occupy only the lowestenergy level Eo (see Fig. 1 ) with respect to motion in the dp w with a certain Fermi energy c+ determined by the doping density of these electrodes.
Besides w"*=w +(n)+w+(n), (loa) a+=sk+E+hU"", s =ek+E+hU"", . 
The dc current Aowing through the quantum well can be calculated from this solution as follows:
Equations (10) - (14) Inserting Eqs. (15) into Eqs. (10) and (14) we get the following expression for the emitter-well and well-collector currents I"(p): (14) one can find the average steady-state nurnber ( n ) of electrons in the well, Equation (9) (corrected for the case of the empty well, as it was discussed in Sec. II) and Eqs. (10) - (14) imply that in the low-temperature limit (T &(5,5) the dc I-V curves of the well with E &cF should exhibit current steps at dc voltage levels V"k which obey a very simple rule eg(V"k -V, )=5n+sk, n =0, 1,2, . . . , k =1, 2, . . . .
&r rr rr (24) The physical meaning of Eq. (22) The system of voltages (22) is shown schematically in Fig. 3(a) . One can see that despite the simplicity of Eq. We begin by considering the case 5 &&5, when the energy spectrum discreteness is dominant. Let the temperature be not too low, so that the charging energy 5 is negligible, 5, 7 »5 .
In this case one can neglect the terms containing 5 in Vo, a FIG. 3. (a) The general scheme of the dc-current step positions on the dc I-V curve of a small-area quantum mell and (b) steps visible at T -+0 and I')&I" (indicated by circles). Fig. 1) , and Eqs. (28) for the transition rate are not applicable. In this case the chemical potential p is small, and for not too small temperatures (T »np ') Eqs. (27) can be simplified as follows:
where e+ =E+hU""and c. =E+hU"" I.
If w' (n)=(p -q)l 'g(E), w' (n + 1)=(q + 1)I'[1 -g(e) ], (33) where e=e"+E+b,U"'. From Eqs. (33) and (13) we get quantization which is described by Eqs. (24) and (25) [i.e., n =0 in Fig. 3(a) ]. In the opposite limit, I" » I ', the choice of the steps is entirely difFerent [ Fig. 3 Fig. 3(b) ].
As a result, of all the systems shown in Fig. 3(a) , only the current steps at values n = k -1, i.e. , V= Vk ) I, = V, +[sk+5(k -I)]/eq, will be pronounced. Thus, the main efFect introduced by the charging of the well in the limit I'&) I' is a shift of the eigenenergies sk by (e /C)(k -1). In particular, this means that degeneracy of the energy levels is lifted by the charging.
In order to Gnd the dc current through the structure in this limit quantitatively it is sufticient to calculate the stationary probability density for I'=O. Let (10) - (14) under the assumption that the energy spectrum of the well is equidistant and all energy levels are doubly degenerate.
When b,~5, (e.g. , 5=3.5b, -see Fig. 6 ) the main structure is one associated with charging and described by Eqs. (32) and (35). However, each current step of this charging-related structure has a "super6ne" structure related to the energy spectruin discreteness b, [Fig. 6(b) ].
With a decreasing I"/I ' ratio and/or increasing voltage, Fig. 7 .
When the periods of the two fine structures are nearly equal, 5-= 5, they form a more complicated pattern. In the limits I'« I' and I" »I ' the largest current steps in this pattern are those described by Eqs. (24) and (25) and Eqs. (32) and (3S), respectively (Fig. 8) . At intermediate I"/I' ratios and/or large voltages, additional current steps at voltages (kb, +j 5)/e (where k, j are arbitrary integers) become pronounced. As a result, the visible quasiperiod of the I-V curve fine structure equals neither b, /e nor 5/e -see the two upper curves in Fig. 8 .
Thus, we can conclude that for the most realistic case when the characteristic charging energy 5 and the average interval b between energy levels in the well are comparable, the dc I-V curve of the well should exhibit a complicated steplike fine structure. In order to identify current steps with the single-particle energy levels one should take into account the charging contribution to the well energy.
V. LATERAL TRANSPORT THROUGH THE QUANTUM DOT
The master equation (12) allows one to describe not only the vertical transport through the quantum-well structure shown in Fig. 1 , but also the lateral transport through a "quantum dot" formed by a laterally confined region of the 2D electron gas. These cases differ only in the energy dependence of the tunneling rates I ". For driving voltages much smaller than ez/e, where sF is the Fermi energy of the 2D electron gas outside the quantum dot, one can neglect this dependence and adopt the approximation I "(s)=const. Within this approximation the above discussion of the two types of the I-V curve fine structures can be applied to the quantum dot as well.
If the effective distance d,z between the dot and the nearest conducting layer of the structure is smaller than the lateral dot dimension a, the dot electric capacitance C can be calculated as that of the plane capacitor. In this case the type of the I-V curve fine structure is determined by the same parameters a (20) and P (18). In the opposite limit d, z »a, capacitance C can be estimated as the selfcapacitance of the disk with radius a, C =8eeoa, and the parameter P should be expressed as (36) Typically, minI4d, s, n. a/2] »as, so that the Coulomb modulation of the I-V curve of the quantum dot should dominate.
The lateral transport through the quantum dot has one specific feature in comparison to the vertical transport through the quantum well: the electric potential of the dot can be readily varied (at fixed potentials of the external electrodes} by that of some additional gate electrode. Hence, one can study the dependence of the dot characteristics on the gate voltage Vg. Inhuence of this voltage can be described by adding the term -A, Vg Q to the electrostatic energy (4), where A, =-Cg/C, Cg is the dot-gate capacitance, and the total capacitance C =C, +C, +C now. This term leaves the above reasoning intact, if it is added to the right-hand part of Eq. (9) . One can, however, simplify the resonance condition [see Eq. (22) 
Equations (40) 
